The gene encoding the envelope glycoprotein of Omsk haemorrhagic fever (OHF) virus was cloned and sequenced. A freeze-dried preparation of infected suckling mouse brain suspension was used as the source material for viral RNA. The derived cDNA was amplified using the polymerase chain reaction and the cloned DNA sequenced by dideoxynucleotide sequencing. Alignment of the OHF virus sequence with those of other known tick-borne flaviviruses showed that they shared Nglycosylation sites, cysteine residues, the fusion peptide and a hexapeptide (EHLPTA) that identifies tick-borne flaviviruses. OHF virus was distinguishable from the other viruses but shared closest amino acid identity (93-0%) with the tick-borne encephalitis viruses. A sequence of three amino acids (AQN; amino acids 232 to 234), which was previously shown to be specific for the tick-borne encephalitis viruses, was altered to MVG in OHF virus. This is predicted to have a higher hydrophobicity than the AQN sequence and may therfore have significant implications for the phenotypic characteristics of OHF virus. The results demonstrate close phylogenetic relationships between these viruses but also show their distinct evolutionary development. Sequence changes within the envelope glycoprotein of OHF virus have been identified that may be responsible for the distinct tropism of this flavivirus. These results support and enlarge upon previous data obtained from serological analysis.
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Viruses in the family Flaviviridae cause a variety of diseases, including uncomplicated febrile illness, encephalitis, physiological shock, hepatitis or haemorrhagic fever, in humans, domesticated animals or wildlife species. The mechanisms underlying these disease syndromes are still not known. Omsk haemorrhagic fever (OHF) virus is a tick-borne member of the virus family Flaviviridae (Westaway et al., 1985) and is considered to be closely related antigenically to the group I members of the genus Flavivirus which include Kyasanur Forest disease (KFD) virus, louping ill (LI) virus, Russian Sprin~Summer encephalitis virus, Powassan virus and Langat (LGT) virus (Porterfield, 1980; Calisher et al., 1989) . OHF virus was first isolated in 1947 in the Sarghat region, Omsk district of west Siberia, from a patient during an epidemic of haemorrhagic fever (reviewed by Lvov, 1988) . Sporadic human epidemics of OHF were associated with epizootics in muskrats (Ondatra zibethica), a highly susceptible species, which was introduced into the biocoenosis in 1928. These animals The sequence data from this article have been deposited with the EMBL data library under the accession number X66694. rapidly increased in numbers and spread widely. They were hunted by the local farmers who became infected with OHF virus and passed it to their close relatives probably by direct contact exposure. Since 1958, the disease has virtually ceased to be reported and it has been suggested that this is due to selection of resistant muskrat populations. OHF virus is of particular interest because in contrast with most of the other tick-borne encephalitis (TBE) viruses it produces a haemorrhagic disease closely resembling but milder than that caused by KFD virus, another highly pathogenic member of the group I serocomplex.
The flaviviruses are ssRNA viruses with a positivesense genome of about 10.4kb in length. Several flaviviruses have been sequenced and they have a similar molecular organization (Dalgarno et al., 1986; Deubel et al., 1986 Deubel et al., , 1988 McAda et al., 1987; Mandl et al., 1988 Mandl et al., , 1989 Mandl et al., , 1991 Pletnev et al., 1990; Rice et al., 1985; Shiu et al., 1991 ; Sumiyoshi et al., 1987; Trent et al., 1987) . The viral proteins are encoded in one open reading frame and the entire gene order of both the structural and nonstructural (NS) proteins is known to be core, premembrane (prM), membrane, envelope (E), NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5 (Bell et al., 1985 ; S  R  C  T  H  L  E  N  R  D  F V  T  G  T  Q  G  T  T  R  UCACGAUGCACGCAUCUGGAAAACAGGGACUUUGUGACUGGCACCCAGGGAACCACACG C  i0  20  30  40  50 CCCGUCAGGGCUGUGGCACAUGGAUCCCCAGAUGUGGAUGUGGCCAUGCUCAUAACGCCA  1030  1040  1050  1060  1070 1080 AAUCCAACAAUCGAAAACAAUGGAGGUGGCUUUAUAGAGAUGCAGCUCCCCCCAGGAGAC  1090  1100  1110  1120  1130 1140
Fig. 1. The nucleotide (numbers are shown below) and deduced amino acid sequence encoded by the E glycoprotein gene of OHF virus. Biedrzycka et al., 1987; Boege et al., 1983; Castle et al., 1985; Rice et al., 1985 Rice et al., , 1986 Speight et al., 1988) . From the biological standpoint, the viral E protein is considered particularly important because it agglutinates erythrocytes (Della-Porta & Westaway, 1978) , induces antigenically cross-reactive neutralizing and protective antibodies in infected animals (Qureshi & Trent, 1973; Mathews & Roehrig, 1984; Gould et al., 1983 Gould et al., , 1985 Gould et al., , 1986 and probably defines the tropism of the flaviviruses for their target cell thus determining virus virulence. In view of the predicted change in climate and the recognized need for conservation of natural environments, there is a distinct possibility of a redistribution of pathogenic viruses that depend on wildlife vertebrate and invertebrate populations. We have therefore determined the nucleotide and deduced amino acid sequences of the E glycoprotein of OHF virus, to determine whether or not it displays the genetic markers identified for the other group I flaviviruses, and to look for sequence changes that may be responsible for the haemorrhagic nature of the disease resulting from OHF virus infection. These data may enable future predictions concerning the possibility of redistribution of the tick-borne flaviviruses in Europe.
The Bogolubovka strain of OHF virus (Clarke, 1964) which was maintained as a suckling mouse brain suspension in the Institute of Poliomyelitis and Encephalitides, Moscow, was used as source material for nucleotide sequencing. Proteinase K was added to the viral suspension (100 pl) to produce a concentration of 200 ~tg/ml in 100 mM-Tris HC1 pH 8-8 containing 10 mM-EDTA and 2 % SDS. The mixture was incubated at 37 °C for 30 min and the viral RNA extracted with phenol and ether, before precipitation with ethanol. The dried precipitate was suspended in 50 pl of water. Firststrand cDNA was synthesized using downstream primer 5' CTCgaattcGGTAGTATGCATAGTT 3' comple-mentary to the LI virus nucleotides 2449 to 2464 (Shiu et al., 1991) and the E gene was then amplified by polymerase chain reaction (PCR) with upstream primer 5' CACagatctGGAAAACAGGGACTT 3', representing nucleotides 983 to 998 of the Far Eastern TBE virus sequence (Pletnev et aI., 1990) . The PCR-amplified DNA was gel-purified (1% agarose) and cloned into the pUCll9 vector. Subsequently, an overlapping PCR product from the N terminus of the E gene was produced from the same pool of cDNA but using downstream primer 5' AAGACCCTTCATCTT 3" complementary to the OHF virus internal E sequence at nucleotide positions 891 to 906, and upstream primer 5' GGAgaattc-CCTGTTGACGTGGATTC 3' complementary to the prM sequence of TBE virus strain Neudorfl (Mandl et al., 1988) at nucleotide positions 635 to 653. This product was digested with SacI restriction enzyme and cloned into the pT7T3 vector. All work with infectious virus was carried out in Moscow. The derived cDNA clones were treated with RNase and then sequenced in Oxford. All subsequent molecular manipulations followed standard methods (Sambrook et al., 1989) . The cloned PCR products were sequenced from both ends by doublestranded dideoxynucleotide sequencing (Sanger et al., 1977) using oligonucleotide primers. Nucleotide sequence comparisons and homology calculations were performed using the CLUSTAL program (Higgins & Sharp, 1988 ) and the University of Wisconsin Genetics Computer Group package. The sequence data for comparison with OHF virus have all been published previously (Mandl et aL, 1988 Pletnev et aL, 1991 ; Shiu et al., 1991; Safronov et al., 1991) .
The nucleotide and deduced amino acid sequences of the E glycoprotein gene of OHF virus were determined as described above and are presented in Fig. 1 . The results obtained were compared with those published for TBE viruses with known sequences and the identities are presented in Table 1 . As can be seen, OHF virus closely resembled all the TBE serocomplex viruses but the similarity was closer between OHF virus and the TBE (Porterfield, 1980; Calisher et al., 1989) . The deduced primary amino acid sequence of OHF virus was aligned with the published amino acid sequences of other TBE viruses (Fig. 2) . The Nglycosylation site, the cysteine residues, the predicted fusion peptide [amino acids 98 to 111 (Guirakhoo et (Pletnev et al., 1991) ; 205, a Far Eastern strain of TBE virus (Safronov et aL, 1991) ; Neu, the Neudorfl central European strain of TBE virus (Mandl et al., 1989) ; LI, a Scottish strain of louping ill virus (Shiu et al., 1991) ;
LGT 1991)] and the tick-specific hexapeptide EHLPTA [amino acids 207 to 212 (Shiu et al., 1991) ] were conserved in OHF virus. A more detailed examination of this alignment revealed that OHF virus had 20 unique amino acid substitutions (highlighted by asterisks in Fig. 2 ) most of which were distributed throughout the E gene. However the position of one unique cluster of three amino acids (232 to 234; amino acids MVG) corresponded with the position of the flavivirus genetic marker that was previously shown to identify individual serotypes (Shiu et al., 1992) . Hydropathicity profiles of this region of the viral E protein were obtained and these showed that OHF virus E protein was slightly less hydrophilic at this position than those of other TBE viruses. Whether or not this would affect the properties of the protein is not known. A neutralization-resistant escape mutant of TBE virus with an altered amino acid in this cluster was reported by Holzmann et al. (1990) probably indicating that this hypervariable region is situated on an exposed part of the viral E glycoprotein and is therefore likely to have significant functional activity. This genetic marker (amino acids 232 to 234) therefore confirms relationships between the flaviviruses that were observed with identity data reported above and were previously recorded using serological analyses (Porterfield, 1980; Calisher et al., 1989) . It is noticeable that LGT virus also showed several unique amino acid substitutions in the same positions indicated for unique substitutions in OHF virus. It remains to be determined whether or not these regions define the encephalitogenic or haemorrhagic properties of particular tick-or mosquito-borne viruses by targeting them to neural or visceral cells. In addition to the amino acid substitutions described above, OHF virus also showed several other unique amino acid substitutions (Fig. 2) in positions that may have significance for OHF virus pathogenesis. The substitution of an amino acid in OHF virus at position 67 exactly coincides with that of an escape mutant of TBE virus (Holzmann et al., 1990) and this is the position of the N-glycosylation site in dengue virus. Amino acids 271 to 282 encompass a cluster of amino acid changes in OHF virus and an amino acid codon change within this region was identified in a Japanese encephalitis virus neutralization-resistant mutant (Cecilia & Gould, 1991) . Moreover, the vaccine strain of yellow fever (YF) virus also shows two amino acid codon substitutions in this region (Rice et al., 1985) as compared with most other flaviviruses. Amino acids 308 to 312 show one substitution for OHF virus and two for the YF vaccine strain (Rice et al., 1985) , whilst amino acids 384 to 393 show amino acid substitutions for OHF virus, two escape mutants of TBE virus (Holzmann et al., 1990) , the vaccine strain of YF virus and attenuated Murray Valley encephalitis virus (Lobigs et al., 1990) . Despite the fact that a single codon change can reduce the virulence for mice of flaviviruses (Holzmann et al., 1990; Cecilia & Gould, 1991 ) the observations reported above imply that changes in several domains within the viral E glycoprotein may be required for alteration of the pathogenetic characteristics of these viruses. There is not a single motif that identifies the haemorrhagic flaviviruses. It seems likely that a combination of substitutions of the type seen above might be required for stabilization of attenuation. There is clearly a need for more flavivirus sequence comparisons to enable precise definition of the epitopes that determine their tropisms.
In conclusion, the nucleotide sequence data demonstrate that OHF virus is genetically distinct from but closely related to TBE virus, and tick-borne flavivirus pathogenesis is probably determined by more than one domain within the viral E protein.
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